Abstract The 2011 Las Conchas fire burned 632 km 2 of ponderosa pine forests and piñon-juniper woodlands in the Jemez Mountains in north central New Mexico. In the weeks following the fire, heavy rainfall caused extensive flooding and erosion of surface soil and ash from the affected areas. Samples from mud and ash flows were collected and analyzed for 137 Cs and Pu, which were originally deposited as global fallout during the era of atmospheric nuclear testing. The mean concentrations for 238 Pu, 239,240 Pu and 137 Cs were 0.18 ± 0.05, 4.16 ± 1.95, and 111 ± 56 mBq/g, respectively. 239,240 Pu and 137 Cs are significantly elevated above non-fire affected regional background levels.
Introduction
On June 26, 2011 a tree fell onto a power line on residential property and sparked the Las Conchas fire in north central New Mexico. This wildfire resulted in the burning of hundreds of square kilometers and the destruction of numerous rural residences and Indian cultural sites. Approximately 18 % (115 km 2 ) of the fire burned with high severity and 25 % (162 km 2 ) was considered moderately severe [1] . The steep, rugged terrain of the area can result in significant flooding following a rain storm, particularly after a forest fire event [2, 3] . After the Las Conchas fire, an estimated 142 km 2 of burned area was considered to have easily erodible soils [1] . An increase in sediment mobilization can occur within a watershed following forest fire and successive rainfall due to the increased hydrophobicity of the forest floor and destruction of soil-supporting root systems [4] . After containment of the Las Conchas fire on August 3, 2011, samples were collected below significant erosion sites that were bisected by the local highways and analyzed for 137 Cs and plutonium isotopes. The goal of this work is to characterize and document the remobilization of fallout radionuclides after a wildfire event.
Experimental

Sample collection
Eight mud and ash samples were collected from locations along local state routes that bisected the burned area in August 2011 (Table 1) . Each sample location was selected based on areas where significant erosion of surface ash occurred due to the fire and ensuing flooding. Samples 4 and 5 were both collected across from the Valles Caldera National Preserve adjacent to New Mexico State Route 4. Samples 4 and 5 were chosen to represent different aspects of the eroded debris, where sample 4 was an organic rich, low density collection and sample 5 was predominately composed of fine mineral sediment. Samples 6 and 7 were collected within the Water Canyon watershed along New Mexico State Route 501. Sample 6 was sediment rich, whereas sample 7 was high in organic content.
Sample drying and cesium gamma counting
An aliquot of each sample was placed in separate Pyrex Petri dishes and heated at 100°C to constant mass.
Approximately 10 g of each dried sample was ground using a mortar and pestle, and transferred to tared pucks for gamma assay. The pucks were sealed and counted for 1,000 min using a high-purity germanium (HPGe) detector to determine the concentration of 137 Cs (Ortec GEM series coaxial HPGe detector, 73.1 mm diameter 9 84.1 mm crystal, relative efficiency of 77.2 %, resolution of 1.99 keV at 1,332 keV). 137 Cs concentrations, listed in terms of millibecquerels per gram of 100°C dried samples (mBq/g), were calculated from the peak area at 661.7 keV, detector efficiency curve specific to the puck geometry, 137 Cs branching ratio at 661.7 keV, and sample mass. The total uncertainty associated with each 137 Cs concentration includes the error from the peak fitting and the calibration source. A NIST standard reference material (SRM 4353A) was also counted in a gamma counting puck to validate the method. All certified activities pertaining to the 4353A standard have been decay corrected to January 1, 2012.
Sample ashing and dissolution
Following gamma assay, the samples were ashed at 550°C for at least 12 h. The laboratory ashed samples were transferred to Teflon beakers for dissolution. All reagents were of Fisher Trace Metal Grade, unless otherwise stated, and used without further purification. 50 mL of concentrated hydrofluoric acid and 50 mL of concentrated nitric acid were added to the beakers and heated until near complete evaporation, whereupon additional acid volumes were added and evaporated to near dryness for a total of seven acid cycles. 25 mL of HNO 3 was added to the beaker and evaporated until dryness. 50 mL of 3 M hydrochloric acid and 1 g of solid boric acid were added to the evaporated sample to convert the sample matrix to the chloride form and to scavenge excess fluoride from the dissolved sample. The samples were evaporated to dryness and redissolved in 3 M HCl with additional boric acid before being transferred to tared Teflon bottles. One gram of the prepared solution contained about 10 mg of the sample.
Plutonium alpha spectrometry
Weighed solutions were transferred to acid-washed Erlenmeyer flasks and a known mass of 242 Pu tracer (NIST SRM 4334G) was added to provide a 242 Pu activity of 67 mBq. Laboratory/reagent blanks, using the same 242 Pu activity diluted in 3 M HCl, were processed alongside the environmental samples. Radiochemical purification included pre-concentration using LaF 3 precipitation, followed by anion-exchange using AG-MP1 (nitric system). Details of the method are outlined in [5] . The purified samples were then electroplated onto 2.5 cm diameter stainless steel planchettes and assayed by alpha spectrometry (ORTEC BU-019-300-AS ULTRA alpha detector, 300 mm 2 active area, nominal efficiency of 33 %). Chemical yields were 70-90 %. The planchettes were counted for 5,000 min and the alpha activities of 238 Pu and 239,240 Pu were determined relative to the 242 Pu tracer. Plutonium concentrations and S values (Eq. 1) are tabulated in Table 2 . The uncertainty associated with each sample includes counting error and the error associated with the 242 Pu tracer.
The NIST SRM 4353A standard was analyzed for plutonium. Measured 238 Pu and 239,240 Pu concentrations are compared with the certified values in Table 2 and validate the method.
Results and discussion
Cesium
The gamma transition emission line from the b -decay of 137 Cs (661.7 keV) was measured and the results given as mBq of 137 Cs per gram of 100°C dried samples are shown in Table 2 . The measured and certified values for NIST SRM 4353A are in good agreement.
The concentration of 137 Cs measured from the eroded ash/sediment samples from the Los Conchas fire are elevated compared to the regional average for soils of the Northern New Mexico area. This study measured an average 137 Cs concentration of 111 ± 56 mBq/g. The uncertainty associated with the average 137 Cs concentration [6] [7] [8] and was summarized by Fresquez et al. [9] for soil and river sediment sampling stations onsite, within the perimeter, and regional stations located over 15 km from the Los Alamos National Laboratory (LANL). The average background concentration for 137 Cs for the regional area was 16 ± 13 mBq/g,. The minimum 137 Cs concentration measured from our study of 56.7 ± 0.5 mBq/g is greater than the upper-limit regional background concentration of 41.8 mBq/g from the non-fire related study.
The elevated 137 Cs concentrations measured from our study are comparable to concentrations from New Mexico fires from the previous decade. In 2000, the 194 km 2 Cerro Grande fire resulted in loss of 235 residences in the Los Alamos area and 112 laboratory structures [10] . An initial sampling of ash and muck that was mobilized due to flooding caused by rainstorms following the fire was collected west of the laboratory [11] . Samples were also collected from the 117 km 2 Viveash fire that also occurred in 2000 near Pecos, New Mexico for comparison (approximately 65 km from Los Alamos). In the study, the 137 Cs was significantly elevated to ca. 130-180 mBq/g for both fires. Since the cesium concentration was similar for both the Cerro Grande and Viveash fires, it was concluded that the source of cesium was from global atmospheric fallout rather than a local contributor. The concentration of 137 Cs measured in the previous forest fire study is comparable to this study for the Los Conchas fire. Also, another study measured the 137 Cs concentration in ash and water runoff after the Cerro Grande fire [3] . An average 137 Cs concentration of 192 mBq/g was determined for post-fire ash. Increased 137 Cs was also measured in runoff collected at burned plots. Interestingly, the elevated 137 Cs in the runoff from successive rainstorms decreased to pre-fire concentrations within 166 days following the fire.
Plutonium
The 239,240 Pu concentrations are listed in Table 2 . The uncertainty associated with the average plutonium concentrations were calculated as the standard deviation of all samples. With an average 239, 240 Pu concentration of 4.16 ± 1.95 mBq/g of 100°C dried samples, the plutonium measured in this study is significantly higher compared to previously measured concentrations [9] . In the prior study, the average non-fire related New Mexico background 239, 240 Pu concentration was determined as 0.4 ± 0.3 mBq/g. The Los Conchas fire increased the plutonium concentration within the eroded sediments of our study sites by an order of magnitude compared to the northern New Mexico background average. Plutonium mobility within soils is low and is strongly associated with organic matter [12] . Prior to the fire, fallout derived plutonium was likely associated with the forest litter and the near subsurface, particularly within the humus layer. Wildfire destruction of the organic content of the soil resulted in the concentration of plutonium in the ash and remaining debris. This phenomenon also occurred following the Cerro Grande fire near Los Alamos and the Viveash fire near Pecos, New Mexico. In a study by Katzman, et al. [11] 239,240 Pu from ash and muck are significantly elevated compared to pre-fire background concentrations. 238 Pu exists on earth from several sources including atmospheric nuclear weapon tests and radioisotope thermoelectric generator accidents [13] . The mean 238 Pu measured in this study is equal to 0.18 ± 0.056 mBq/g. The average regional background 238 Pu concentration in the Los Alamos area was determined as 0.07 ± 0.11 mBq/g [9] . Since the concentration of 238 Pu in the soil is low and its associated uncertainty is high, it cannot be ascertained if the concentration of 238 Pu measured in this study is elevated. However, since isotopes of plutonium behave similarly in the environment and 239, 240 Pu is significantly elevated compared to pre-fire levels, it is possible that 238 Pu is also elevated compared to concentrations measured in previous studies from the regional area.
The S value defined by Eq. 1 helps compare measured Pu samples to worldwide data. This dimensionless ratio describes the activity ratio of 238 Pu relative to the total Pu measured in a given sample. This study determined an average S value of 0.047 ± 0.009. A S value of 0.025 was calculated using northern hemisphere soil collections that was decay corrected for 238 Pu to January 1, 2012 [13] . The calculated and decay corrected S value for the LANL perimeter data from Fresquez et al. [9] is equal to 0.044, which is equivalent to the S value calculated in our study. However, the regional background calculated S value for the northern New Mexico area data [9] over the 21 year study varies greatly with the range in reported data spanning from 0.042 to 0.41. Nonetheless, the S values determined for the Las Conchas fire and the previous non-fire related area studies are slightly greater than the northern Hemisphere S value. This indicates that a secondary source likely contributed to the total plutonium concentration measured in the area, such as atmospheric nuclear tests conducted at the Nevada test site from 1951 to 1962 [14] .
Correlation between 137 Cs and 239,240 Pu A plot of the concentration of 137 Cs as a function of 239, 240 Pu is shown in Fig. 1 . Elements with similar chemical behavior may concentrate in the environment in comparable proportions. However, it is known that cesium and plutonium behave differently in the environment. As an alkali metal cesium has greater solubility and mobility compared to plutonium. Cesium tends to undergo cation exchange reactions, whereas plutonium most likely undergoes redox reactions and primarily associates with the solid phase in sediments [15, 16] . As a result of their different environmental mobility, 137 Cs and 239,240 Pu are poorly correlated in this study. Likewise, these radionuclides are also poorly correlated using pre-fire data from the Los Alamos area [9] .
Conclusion
Samples collected from the eroded ash and sediment flows following the Las Conchas fire were analyzed for anthropogenic radionuclides. The average concentration of 238 Pu, 239,240 Pu and 137 Cs were determined as 0.18 ± 0.06, 4.16 ± 1.95 Bq/g, and 111 ± 56 mBq/g, respectively. An order of magnitude increase of 239, 240 Pu and nearly a sevenfold increase of 137 Cs were measured from this study compared to pre-fire concentrations from the Northern New Mexico area. Pu concentration from Los Conchas ash/sediment samples. A poor correlation between the radionuclides is observed
